The net primary productivity (NPP) of tropical forests is a key process of the carbon cycle and therefore for the mitigation of global climate change. It has been proposed that NPP is limited by the availability of soil nutrients in lowland tropical forests and that belowground NPP decreases as edaphic fertility increases. This hypothesis was evaluated in two localities (Opogodó and Pacurita) of the Chocó Biogeographical region, one of the rainiest of the world, where the aboveground (litter and wood) and belowground (fine and coarse roots) components of NPP were measured. Fertility parameters (pH, nutrients, and texture) were also determined and related to NPP. Total NPP was similar between locations (23.7 vs. 24.2 t ha -1 year -1 for Opogodó and Pacurita, respectively). However, components of NPP showed differences: in Pacurita, with steeper topography, NPP of wood and coarse roots were higher; therefore, differences of topography and drainage between localities probably affected the NPP of wood. On the other hand, soils of Opogodó, where NPP of fine roots was higher, showed higher contents of sand, N+, and organic matter (OM). With the increase of pH, OM, N+, K, Mg, and sand, the NPP of leaves and fine roots as well as the percentage of NPP belowground also increased, which suggests NPP limitation by multiple nutrients. The increase of NPP belowground with the availability of edaphic nutrients evidenced a redistribution of the aboveground and belowground components of NPP with the increase of soil fertility in oligotrophic systems, probably as a mechanism to improve the capture of resources.
Introduction
Tropical forests comprise the terrestrial ecosystems with the highest net primary productivity (NPP) on the planet [1, 2] and account close to 30% of total NPP [1, 3] . For this reason, they are considered fundamental for the carbon balance and the mitigation of global climate change [4, 5] . Several studies have documented that NPP is determined by environmental factors such as temperature, precipitation, sunlight, soil properties, and CO 2 concentration in the air, among others [6, 7, 8, 9] . Nevertheless, our understanding on how these factors affect the NPP is still very limited. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
For several decades, the role of soil nutrients as limiting factors for NPP in tropical forests has garnered attention; furthermore, the hypothesis that, in low-altitude tropical forests, the NPP is principally limited by the edaphic availability of P has been put forth [10, 11, 12] . However, few studies have found significant correlations between NPP and the edaphic availability of nutrients in tropical rainforests and confirmed a positive relationship between NPP and P availability [9, 13, 14] .
The relationship between the content of soil nutrients and the NPP in tropical forests varies in accordance with the NPP component evaluated; it is postulated that, when nutrients increase, a change occurs in the aboveground and belowground allocation of NPP. As a result, two hypotheses have been proposed about the effect of soil resources on NPP [15] . The first, called the "differential allocation hypothesis" puts forth that a higher availability of edaphic resources increases the total NPP, with a proportional increase in the aboveground NPP (wood and foliage) and reduction in the belowground NPP (roots). The second hypothesis, called the "constant allocation hypothesis" proposes that the higher soil fertility increases total NPP and that the amounts allocated to aboveground and belowground components remain relatively constant.
Studies on NPP and its relationship with edaphic fertility in lowland tropical forests have covered a limited range of environmental conditions, specifically they have only evaluated ecosystems with rainfall under 5,000 mm annually [7, 9] . Nevertheless, the strong influence of precipitation on the functioning of ecosystems is well known [7, 16] ; for example, it has been documented that excessive rainfall in the tropics results in nutrient losses due to leaching and run-off [17] and affects weathering processes, abundance and type of clays, cation exchange capacity (CEC), saturation of bases, pH, concentration of Al, and activity of soil organisms [18] ; in addition, it generates stress conditions due to anoxia, limits the decomposition of organic matter (OM), and reduces the gas exchange of roots [7, 19] and rates of mineralization and nitrification of N [16] .
According to the above, it is expected that the increase of precipitation would result in a reduction in the NPP of tropical forests [7] ; however, the few published studies did not evidence such reduction [9] . This study evaluates the magnitude of NPP and its components in two tropical pluvial forests in the Chocó biogeographical area, where the annual precipitation exceeds 10,000 mm [20] . Furthermore, it evaluates the influence of edaphic conditions on NPP in these ecosystems and how much the aboveground and belowground NPP are influenced by soil fertility.
Methods

Study area
The present study was carried out in the tropical pluvial forests of the localities of Pacuríta (municipality of Quibdó) and Opogodó (municipality of Condoto) in the department of Chocó, Colombia (Table 1) . These two localities are part of the Central North ecogeographical subregion of the Chocó biogeographical region, which encompasses the high watersheds of the Atrato and San Juan rivers [20] . They are found in the geomorphological unit of Tertiary sedimentary hills, which have low altitudes and contain sandy claystone, sandstone, and limestone [21, 22] .
In Opogodó, the sampling was carried out in 3 one-hectare permanent plots of primary forest located in the fields of the Universidad Tecnológica del Chocó "Diego Luis Córdoba". In Pacurita, this study was conducted in two one-hectare permanent plots in a forest reserve under the care of the same university located 6.5 Km from the municipality of Quibdó, on the road between Quibdó and Pacurita. The permission to do this study in both locations was issued by this university.
Conceptual model
The NPP was determined from the conceptual models 1, 2, 3, and 4 [5] :
Where NPP aboveground is the aboveground NPP and NPP belowground is the belowground NPP. In Eq 3, ΔAB surviving is the increase in the aboveground biomass (AB) of trees determined as the final AB (second measurement) minus the initial AB (first measurement) of each surviving individual; ΔAB recruited is the increase in the AB of recruited trees (individuals that grew to 10 cm of DBH or more in the period) calculated as the AB of new trees recorded in the second measurement minus the AB of individuals of 10cm DBH; and NPP litter is the litter production. In Eq 4, BB is the biomass of the coarse roots and was estimated as 21% of AB [15] ; its increase was determined similarly to the estimation of the increase of AB with Eq 2. The NPP fine roots is the production of fine roots [5, 26] .
Establishment and census of plots
The five permanent plots were established in 2013; the dimension of each plot was 100 m x 100 m, divided into 25 20 m x 20 m subplots (400 m 2 ); each subplot was further divided into 4 10 m x 10 m sampling units, in which soil samples were taken and the NPP was measured.
All trees with diameter at breast height (DBH) ! 10 cm inside the plots were inventoried. In each census, living, dead, and recruited individuals were recorded. Censuses were done in August 2013 and 2014.
Measurement of tree diameters and heights
The circumference at breast height (at 1.30 m above the ground) in cm was measured with metric tape on all trees with DBH ! 10 cm in each sampling unit; afterwards, circumference values were transformed to diameter (DBH). The perimeter of DBH measurement in the tree bole was marked with yellow spray paint to guarantee that subsequent measurements are taken in the same place as the first one; both measurements were taken in areas free of nodes and branches. Additionally, all of the measured trees were marked with aluminum tags and growth habits were classified in the categories of tree, vine, liana, and palm; the vegetative characteristics and particular observations to each individual were also recorded. 
Botanical identification
Trees were identified to the maximum possible taxonomic level (NN, species, genus, family) using the key of [28] in the herbarium of the Universidad Tecnológica del Chocó "D.L.C." "Herbario Chocó".
Estimation of wood density
The values published in two international wood density databases were used to estimate this variable: one was generated in the forests of the Amazon [29] and the other in tropical forests of several regions around the world [30] ; when a species or genus found in the plots was not reported in the databases, the average of the genus or family of the species was used; for individuals taxonomically indeterminate, the average density of the plot was used.
Estimation of the aboveground (AB) and belowground biomass (BB) of trees
Since there is no local AB model, seven models created with data from very wet tropical forests of diverse areas of the world were evaluated for estimating the AB [29, 30, 31, 32] . The model developed for trees with a DBH ! 10 cm in wet neotropical forests [32] was selected (Eq 7) because it presented a higher mean coefficient of correlation with the AB estimated from the other models, according to a previous evaluation [27] ; in addition, this model was chosen because it includes the most important AB predictor variables, such as DBH, total height, and wood density, and therefore the estimations obtained better represented the natural variability of AB [27] .
AB ðkgÞ ¼ expðÀ 2:557 þ 0:94 Ã Lnðpi Ã DBH 2 Ã HÞÞ ð7Þ
Where AB is the aboveground biomass (which includes trunk and branches) and BB is the belowground biomass of trees in kg, DBH is the diameter, Ln is the natural logarithm, H is the total height, and pi is the wood density. With the AB data of each sample, the AB increase was calculated from Eq 2.
Measurement of litter production (NPP litter )
In total 125 collectors were monitored for sampling litter fall; each one was installed 1 m above the ground in the center of each subplot. The 0.5 m 2 (1 x 0.5 m) collectors were made with PVC pipes and plastic mesh. Litter fallen in the collectors was removed each month for one year. Logistic constraints prevented us the collection at shorter intervals, so it is expected that some litter decomposition occurred before collection. Based on published data of litter decomposition in tropical wet forests [33, 34, 35] , we estimated that underestimation of litter production due to the 30-day sampling interval as compared to the daily retrieval of litter fallen in traps, would be less than 10% of total litter fall. Therefore, compared to most published values of litter production, which are based on collections every two or three weeks, our underestimation would be negligible. In each sampling, the material was placed in plastic bags and separated into leaves, branches 2 cm in diameter, reproductive material, and miscellaneous, in order to estimate the relative contribution of each fraction. In a similar way, the NPP leaves was determined with the leaf fraction of litter.
Measurement of fine root production (NPP fine roots )
The ingrowth core method was used to measure the NPP fine roots [15, 36] with a modification consisting in the introduction of coarse metallic wires in the walls of the orifice where the root-free soil is placed, which work as guides to facilitate the subsequent extraction of the same soil cylinder initially extracted and helps to control the volume of soil sample. The ingrowth cores were placed in the center of each 10 x 10 m sampling unit; samples were extracted from 0-10 cm and 10-20 cm-depth with an Eijkelkamp soil auger (8 cm diameter and 15 cm depth). Fine roots (FR) (with diameters 5mm) that grew inside samples were separated by hand in the field with sieves of 0.5 and 1.0 mm diameter. Afterwards, the remaining soil was placed in the holes again and roots were taken to the Laboratorio de Botánica y Ecología of the Universidad Tecnológica del Chocó. This procedure was carried out every three months for one year.
In the lab, the FR samples were washed with pressurized water to remove soil and other impurities. Samples were subsequently oven-dried at 70˚C for 48 hours and weighed in an analytical precision scale (0.0001 g). With dry weights, the biomass of FR (FRB) was estimated in t ha -1 for each sampling period; the NPP fine roots was determined as the FRB produced for one year of sampling and expressed as t ha -1 year -1 .
Soil analysis
To evaluate the soil nutrient contents in each subplot, a compound sample was taken at a depth of 0-20 cm; each sample had five subsamples that were taken from the four corners and the center of the subplot. In each plot, 25 soil samples were taken for a total of 125 samples for the whole study; the analyses were carried out at the Biogeochemistry lab of the Universidad Nacional de Colombia, Medellín, with the following techniques: Bouyoucos for textural fractions, potentiometric in water solution (1:2) for pH, Walkley and Black for OM, Micro-Kjeldahl for total N, ascorbic acid in an UV-VIS spectrophotometer after extraction with the Bray II method for available P, atomic absorption for Ca, Mg, and K extracted with ammonium acetate [37] .
Statistical analysis
The variation of NPP (total and per component) as a function of the localities was evaluated with the non-parametric Mann-Whitney (W) test [38] . To assess the relationship between NPP (total and per component) and soil variables (texture, OM, pH, Al, P, Ca, K, Mg, effective cation exchange capacity-ECEC-), the Spearman's rank correlation coefficient was used (R s ) because data did not comply the assumptions of normality and homogeneity of variances evaluated with the statistics of Bartlett, Hartley and Kurtosis [38] . Subsequently, a principal components analysis (PCA) was used to evaluate the linear relationships between edaphic variables and the aboveground and belowground NPP. The analyses were carried out with Statgraphics Centurion XV and R [39] .
Results
Edaphic conditions
The soils of both localities were characterized by low ECEC. Likewise, they presented low concentrations of P, Mg, and Ca; while K values were intermediate. The edaphic concentrations of P and Ca were similar in both localities; the rest of the soil variables presented significant differences (Table 2 ). In particular, in Pacurita, soils presented extreme acidity, high percentages of Al saturation (57.2%) and high contents of silt and clay. While in Opogodó, soils had more sand with higher concentrations of OM and total N (OM = 11.9%; N = 0.61%). Based on the lower acidity, the high contents of OM and total N, and the intermediate values of K, the soils in Opogodó were considered more fertile (Table 2) .
Net primary productivity
The forests of Opogodó presented a total NPP (mean ± SD) of 23.7±2.7 t ha (Fig 1) . The NPP wood in Opogodó was 7.8±2.2 t ha ; W = 440.0; p = 0.026) (Fig 1) . The NPP litter was 7.8 ± 0.2 t ha (Fig 1) . The distribution of the components of NPP litter was also similar in both localities: %63% leaves, 19% stems, 4% reproductive material and 13% miscellaneous (Table 3) , equivalent to 75.6% of total NPP. However, the differences in the NPP aboveground between zones were not significant (W = 329.0; p = 0.0978) (Fig 1) . On the other hand, the NPP belowground , respectively) (Fig 1) (Fig 1) .
Relationship between NPP and soil variables
Total NPP did not present a significant correlation with the edaphic variables, as opposed to the NPP components, which had significant correlation with some of the soil variables (Table 4 ). In particular, the NPP litter presented a significant, weak positive correlation with sand (r = 0.19; p<0.05) and a negative one with silt (r = -0.24; p<0.05). While NPP leaves had a positive relationship with pH, OM, total N, Mg, and sand, and a negative association with the Al, ECEC, and silt ( Table 4 ). The NPP wood presented a weak negative correlation with pH (Table 4) ; NPP coarse roots and NPP total wood had equal correlations because the first variable was calculated from the second one. The NPP fine roots , NPP belowground , NPP labile material , and percentage of NPP belowground had a positive association with pH, OM, total N, K, Mg, and sand, and had a negative correlation with Al, ECEC, silt, and clay (Table 4 ). The PCA showed that the evaluated variables formed a gradient of edaphic conditions in the first component, with a high content of Al, clay, silt, and ECEC in the soils of Pacurita; on the other hand, contents of sand, pH, OM and total N were higher in Opogodó (Fig 2) . Likewise, the vectors of NPP fine roots and NPP labile material presented an analogous tendency to the soils of Opogodó, which suggests a possible association between these variables. However, the other variables of the NPP mainly aligned with the second principal component, suggesting a slight Data are means ± standard error. Asterisks represent significant differences for the Mann-Whitney test. *: p < 0.05 association with the edaphic variables evaluated. The first two components explained 59.4% of the total variability; although the first six components had eigenvalues higher than 1, each of the last 4 components explained less than 10% of the variance and were not included in the analysis.
Discussion
Does this study provide evidence that high precipitation decreases the NPP in tropical forests?
The total NPP values recorded in the pluvial forests of Chocó (23.7 t ha tropical forests with less precipitation. Therefore, they do not support the hypothesis of lower NPP of tropical forests with precipitation greater than 5,000 mm per year [7] . Different processes could explain the similarity of NPP between the forests of Chocó and other tropical forests with lower rainfall: first, it is expected that the reduction of O 2 in the soil by intense rainfall [7, 41] could result in plant stress by root anoxia and O 2 limitation for the decomposition of OM with a negative effect on NPP. This situation could be particularly important in plots of Opogodó, where topography is flat (Table 1) ; however, steep topography such as that of soils of Pacurita facilitates drainage and run-off, which would dampen the O 2 limitation. Even in the flat plots of Opogodó, water-logging conditions depend on the temporal distribution of rainfall, characterized by two peaks of high rainfall and two periods of low precipitation [20] ; the sandy texture of those plots (Table 2) facilitates the fast drainage of soils. Similar NPP values among flood plain forest types with different inundation periods (1, 2, and 4 months per year) reported in Peruvian amazon [42] , support this argument.
Second, given that high precipitation results in excessive losses of soil nutrients by leaching and run-off [17, 19] , to counterbalance this limitation, pluvial forests of Chocó should have developed a higher productivity, growth, and longevity (lifetime) of FR [43] . This phenomenon was more evident in the sandy soils of Opogodó, where the higher rates of NPP fine roots contributed to compensate the lower NPP wood , which resulted in similar values of total NPP between sites. The influence of edaphic conditions on NPP belowground is discussed in more detail below.
Third, the NPP depends on the absorbed photosynthetically active radiation [44] ; therefore, it is expected that the cloudiness typical of rainy areas decreases the incident radiation. However, the precipitation levels in the pluvial forests of Chocó vary significantly throughout the day, so that there are more frequent and intense rains at nighttime [45] . Consequently, in the hours of more sunlight, between 10:00 am and 3:00 pm, the photosynthesis and, therefore, the NPP would not be inhibited by the excessive rainfall of the region.
To what extent do the edaphic conditions explain the NPP of tropical forests with high precipitation?
In the present study, the total NPP did not present a significant association with any of the edaphic variables evaluated; therefore, the hypothesis that the availability of soil P limits the total NPP of lowland tropical rainforests was not confirmed in the plots evaluated here [9, 10, 11, 14] . This low association was probably due to the lack of a true gradient of available edaphic P between the study areas; in both localities, P concentrations were similar and very low (range of 0.49-3.5 ppm) ( Table 2 ). In order to evaluate the nutritional limitation of NPP in these areas, it would be necessary to monitor it after the addition of nutrients to the soil, similar to other few works done in lowland tropical forests [46, 47] .
The high diversity of tree species in the forests of this region, with 100-300 species recorded per hectare, could also partly explain the slight relationship observed between total NPP and soil variables [48, 49] ; as a consequence, heterogeneous growth responses would have occurred as a consequence of variations in nutrient availability (heterogeneous nutrient limitation) [47] , which are determined by species, age, and functional group.
Despite the time scale of the sampling of this study is one year, which seems too short to be representative of the long-term relationship of NPP and its components with soil nutrients, the number of samples is large (125 distributed in 5 1-ha permanent plots), which are representative of the variation of soil conditions in the study area. Therefore, although components of NPP might vary among years, there is no reason to expect that the relations found here change significantly from one year to another.
To what extent do the edaphic conditions in tropical forests with high precipitation influence the amount of NPP belowground ?
Despite total NPP did not show a significant relationship with soil, the aboveground and belowground components of NPP presented a significant association with edaphic variables (Table 4 ). The components related to NPP fine roots (NPP belowground , NPP labile material and % NPP belowground ) were more significantly associated with soil variables (Al, pH, OM, total N, K, Mg, ECEC, sand, silt, and clay), which evidenced that this is the component of NPP more sensitive to changes in the edaphic conditions. Similarly, in forests of the Amazon, it has been reported that the relationship between NPP and edaphic conditions varied in accordance with the component evaluated and that fine roots were the most sensitive, mainly to the availability of edaphic P [14] .
The increase in the NPP fine roots with the availability of nutrients (total N, K, and Mg) has been previously reported [50] ; these authors demonstrated that the NPP of this component increases with the edaphic content of nutrients such as N, P, Ca and Mg in Amazonian forests. Likewise, it has been reported a higher growth of FR in soils with high rates of supply of the ions NH 4 + , PO 4 3-and K + in forests of Malaysia [43] . These trends in the relationship of NPP fine roots with nutrients in tropical oligotrophic soils are probably due to the fact that in conditions of low soil fertility, FR tend to rapidly expand into small patches of nutrient-rich soil [43, 51] , which would reduce the nutritional deficit. The increase in the NPP leaves and NPP fine roots with the local availability of several nutrients (total N, K, and Mg) suggests that NPP is limited by multiple nutrients (not only by edaphic P), which is similar to other reports [46, 47, 52, 53, 54] . In particular, the limitation of NPP by total N in the studied forests could obey to a low fixing rate of atmospheric N in the ecosystem caused by the low availability of edaphic P and other mineral nutrients [55] , which should be the subject of future studies. Under these limiting nutrient conditions, the NPP leaves and NPP fine roots tended to increase along with the increase in the local contents of sand and OM.
NPP belowground did not decrease with the increase in the local availability of total N and OM (Fig 2) as indicated by the differential allocation hypothesis [15] , but rather increased. This result suggests that with the increase in soil fertility at local scale, the higher NPP of root components is a mechanism for capturing more nutrients in oligotrophic conditions. As a consequence, these results seem to support the "constant allocation hypothesis" at local scale, which states that the high edaphic fertility increases the total NPP, but the amount of the NPP aboveground and NPP belowground remains relatively constant [15] .
On the other hand, at the landscape scale, the forests with different textured soils of this study showed significant differences in the components of the NPP, with higher NPP belowground in the more sandy soils of Opogodó and higher NPP total wood in Pacurita (Fig 1) . Likewise, important edaphic controls on carbon allocation of two Amazon forests under similar climatic conditions on contrasting soils (clayey versus sandy soils) has been reported [56] . In particular, they found that NPP, fine litterfall and the increment of aboveground biomass were higher in the clayey soil forest; while, fine-root production was higher in the white-sand forest.
In summary, this study supports the hypothesis that at the landscape scale, soils control a trade-off between carbon allocation to fine roots versus aboveground biomass increment [56] , which could explain the similitude of NPP among sites with different environmental conditions; its detailed examination is an important area of research in order to deepen our understanding of factors governing NPP across the globe.
Why were there differences in the NPP total wood but not in the NPP litter between the localities of Opogodó and Pacurita?
In Opogodó topography was flatter (Table 1) and there were some pooling of water and ravines close to the plots; therefore, the intense rainfall produces puddles, swamps and probably temporal anoxia conditions in that locality. Reduction of soil O 2 caused by the combination of high rainfall and flat topography has been observed elsewhere [41] even several days after the rainfall. Under flooding and water pooling conditions on soils, the O 2 availability decreases rapidly, which alters the metabolism of plants and inhibits their growth as a consequence of stomatal closure, reduction of photosynthesis, translocation of carbohydrates and absorption of nutrients from the soil [57, 58] . These circumstances reduce the elongation of internodes and induce chlorosis, causing premature senescence and foliar abscission [58] , and therefore cambial dormancy and reduction of tree growth [59] . Consequently, the seasonal conditions of stress from anoxia in Opogodó possibly affected the growth of tree stems and reduced the NPP total wood .
On the other hand, NPP litter was similar between localities, which agrees with other studies where litterfall was not different between forests on different soil types. For example, in a meta-analysis of litterfall patterns in tropical South America [60] ). Litterfall was also not different among three flood plain forest types with different inundation periods (1, 2 and 4 months per year) in Peruvian amazon [42] . Litterfall has even been higher in seasonally flooded than in non-flooded tropical forests of Pantanal (Brazil) [61] . These results suggest that seasonal water excess is not limiting for litter production; on the contrary, flooding conditions promote leaf abscission [58] . However, cambial dormancy resulting from the stress-inducing anoxic conditions seem to decrease NPP wood . Therefore, under such conditions, carbon allocation seem to change from woody tissue to labile tissue (leaves and fine roots), which makes sense as much as the long term survival depends on the capacity for nutrient absorption and photosynthesis. 
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